Cytokinesis is the final stage of the cell cycle which separates cellular constituents to 27 produce two daughter cells. Using Schizosaccharomyces pombe we have 28 investigated the role of various classes of proteins involved in this process. Central to 29 these is anillin/Mid1p which forms a ring-like structure at the cell equator that predicts 30 the site of cell separation through septation in fission yeast. Here we demonstrate a 31 direct physical interaction between Mid1p and the endosomal sorting complex 32 required for transport (ESCRT)-associated protein Vps4p. The interaction is essential 33 for cell viability, and Vps4p is required for the correct cellular localization of Mid1p. 34
required for cytokinesis, but in many cases it is not understand how they interact and 48 regulate each other. In this research we have analysed two classes of proteins 49 founds in all eukaryotic cells with central roles in cytokinesis: the endosomal sorting 50 cascade leading to the transition from the spindle pole bodies to the cell division site 77 promoting the onset of cytokinesis [6] . A recent study identified anillin/Mid1p as a 78 substrate for Sid2p and indicated that the phosphorylation of Mid1p facilitates its 79 removal from the cell cortex during the actomyosin contractile ring constriction [7] . 80 81 Mid1p forms a ring-like structure at the cell equator that predicts the site of cell 82 separation through the formation of a septum in fission yeast [8, 9, 10] . In cells 83 containing a chromosomal deletion of the mid1 gene (mid1Δ), a misshaped 84 contractile ring is assembled during anaphase when the SIN pathway becomes 85 active; such observations confirm the important role of Mid1p in directing contractile 86 ring assembly to its correct location [11, 12, 13] . 87 88 Many other groups of proteins have a role in septum formation in S. pombe. Amongst 89 these the various classes of ESCRT proteins, including the ESCRT-III regulator 90
Vps4p, were found to be required for septation, suggesting that they have a role in 91 cytokinesis in fission yeast [14, 15] . Additional experiments suggested that the 92 ESCRT proteins interacted with established cell cycle regulators including the polo 93 kinase Plo1p, the aurora kinase Ark1p and the CDC14 phosphatase, Clp1p to control 94 these processes [14] . 95
96
As a way to further understand the regulation of ESCRT proteins during cytokinesis 97 in fission yeast, we sought to identify other proteins that interact with anillin/Mid1p. 98
Here we describe a direct physical interaction between Vps4p and the anillin Mid1p 99 which is essential for cell viability and for the correct placement of Mid1p. We further 100
show an interaction between Mid1p and the aurora kinase Ark1p which is essential 101 for cell viability and identify phospho-acceptor sites in Mid1p and study their role cytoplasmic, and equatorial nodes, as previously reported (Fig 2A; [8,5]). By contrast, 152 GFP-Mid1p in vps4Δ cells showed strikingly different patterns. Although cytoplasmic 153 GFP-Mid1p was similar to wild-type, additional plasma membrane localization was 154 observed ( Fig 2B) . In some cells, GFP-Mid1p localized to only one node and the 155 plasma membrane, or localized to three nodes in other cells. The frequencies of 156 these abnormal phenotypes in vps4Δ cells were compared with wild-type and 157 showed significant differences (quantified in Fig 2C) . Overall, GFP-Mid1p localization 158 was significantly altered by the absence of vps4 + . 159
160
These results, in addition to the observation that the mid1 and vps4 genes interact 161 genetically, and further that the Mid1p and Vps4p physically interact in vitro, suggest 162 that Mid1p and Vps4p coordinate to regulate the S. pombe cell cycle. 163
164

Genetic and physical interactions between Mid1p and Ark1p in fission yeast 165
We hypothesized that mid1 and ark1 genes interact to accomplish S. pombe 166 cytokinesis, as we and others have shown that aurora kinases modulate ESCRT 167 protein function [20, 15] . To test this, both genetic and biochemical approaches were 168 taken. 169 170 First, a mid1∆ strain was crossed with strains containing ark1-TS mutations to 171 generate double mid1∆ ark1-TS mutant strains. The mid1∆ ark1-TS double mutant 172 failed to form viable colonies ( Fig 3A) . Such a synthetic lethality indicates a genetic 173 interaction between the mid1 and ark1 genes. 174
As with mid1 and vps4 such a genetic interaction might be explained by a physical 176 interaction between Mid1p and Ark1p proteins. Since Ark1p is a protein kinase we 177 tested whether Mid1p can be phosphorylated by aurora kinase, using an in vitro 178 phosphorylation approach with recombinant Mid1p domains purified from E. coli. 179
These experiments were performed with the human aurora kinases Aurora A, Aurora 180 B, and the human polo kinase Plk1 ( Fig 3B) . Phosphorylation of both the "N-term" 181 and "Middle" Mid1p domains by Aurora A and Plk1 was detected, but not by Aurora 
Ark1p is required for the correct cellular distribution of Mid1p 190
To further analyse the interaction of Ark1p and Mid1p we examined the effect of two 191 different temperature sensitive ark1 mutants, ark1-T11 and ark1-T8, on Mid1p 192 distribution in cells (Fig 4) . 193
194
In ark1-T11 cells GFP-Mid1p showed wild-type phenotypes ( Fig 4A) . But in addition, 195 new localization patterns were apparent, where GFP-Mid1p localization showed 196 nuclear exclusion and appeared to be encircling the nucleus. The frequencies of 197 these phenotypes were quantified and compared to wild-type cells revealing 198 significant differences (Figs 4B). In ark1-T8 cells GFP-Mid1p showed new additional 199 localization patterns ( Fig 4D) . Cells were observed to be round and shorter than the 200 rod-shaped wild-type cells and GFP-Mid1p localization presented nuclear exclusion 201 and encircled the nucleus. While some cells had one nucleus, others showed two, 202 three, or even four nuclei. The frequencies of these phenotypes were quantified and 203 compared to wild-type cells revealing significant differences (Figs 4E). These data 204 support the hypothesis that Mid1p and Ark1p coordinate to regulate the S. pombe 205 cell cycle. 206
207
Identification of Mid1p amino acid residues phosphorylated by aurora and polo 208 kinases 209
To further explore phosphorylation of Mid1p by aurora and polo kinases a mass 210 spectrophotometry approach was used to identify phospho-acceptor sites. The "N- Table) . In parallel we examined other published databases on fission yeast phospho-217 proteomes to refine and confirm the number of Mid1p phospho-sites. Most of these 218 studies used a stable isotope labeling by amino acid in cell culture approach. We 219 selected four studies which studied the S. pombe global proteome and identified 220 several Mid1p specific phospho-sites [21] [22] [23] [24] . 221
222
The Mid1p phosphorylation events identified by mass spectrophotometry are 223 summarized in S3 Table, alongside those described by the four published studies. 224
The red highlighted residues represent overlap with the residues identified reported 225 here. The phospho-sites map shows a total of six potential phospho-sites distributed 226 along the "N-term" and "Middle" Mid1p sequence, five of which were identified in this 227 work, and the sixth was added from the published studies ( Fig 5B) . These are the 228 serine residues S167, S328, S331, S332, S523 and S531. 229
230
To confirm the new phospho-sites identified in Mid1p, in vitro phosphorylation 231 experiments involving bacterially expressed phospho-resistant mutant (serine to 232 alanine) forms of the "N-term" and "Middle" domains of Mid1p with Aurora A and Plk1 233 kinases were completed ( Fig 6) . These experiments reveled markedly reduced 234 phosphorylation of the Mid1p phospho-resistant mutant S167A by both Aurora A and 235
Plk1 kinases, and S523A by Aurora A alone. These observations support the 236 suggestion that the S167 and S523 residues are phosphorylated by the Aurora A and 237
Plk1 kinases, at least in vitro. 238 239 Biological relevance of amino acid residues phosphorylated by Ark1p and 240
Plo1p in Mid1p 241
As another way to examine the role of the phospho-sites identified in Mid1p, we 242 analysed the effect of their mutation in vivo. S. pombe cells exhibit morphology 243 defects in the absence of Mid1p function. Therefore, we tested the effect of 244 mutations of Mid1p phospho-sites in fission yeast on cell morphology to assay their 245 relevance. 246
247
Versions of the mid1 gene containing phospho-site mutations were generated and 248 integrated in single copy into chromosomal DNA of S. pombe mid1∆ cells. Each 249 version of the mid1 gene had either a phospho-mimetic (S>D) or a phospho-resistant 250 (S>A) point mutation(s) of the residues S167, S328, S331, S332, S523 or S531 to 251 create a panel of mutant S. pombe strains (S1 Fig) . Such mid1 mutations were made 252 both singly and in combination. As a positive control we integrated the wild-type 253 mid1 + gene into mid1∆ cells to create mid1∆ pJK148:mid1 + . This resulted in cells that 254 behaved identically to wild-type both on solid medium and in liquid culture (Fig 7 and data not shown). However, interestingly, mid1 S332A cells (but not mid1 S332D) had 263 defects in morphology similar to those observed in mid1∆ cells, with slower growth at 264 25 o C (Fig 7) . These data indicate a requirement of S332 for Mid1p function. 265 266 Furthermore, other phenotypes were revealed when certain Mid1p phospho-mutants 267 were cultured in liquid medium. For example, mid1 S523A and mid1 S531A mutants 268 displayed morphology defects (S2 Fig). In contrast, the equivalent phospho-mimetic 269 mutants mid1 S523D or mid1 S531D did not. 270 271
Mid1p phospho-mutants in ark1-T11 cells 272
To examine the role of Mid1p phosphorylation in its interaction with Ark1p, we 273 crossed the strains containing phospho-mimetic/resistant versions of mid1 with ark1-274 T11 mutant cells and searched for synthetic phenotypes in double mutants. Viable 275 colonies were observed in all cases with no synthetic phenotypes detected in most 276 double mutants (data not shown). However, mid1 S523A ark1-T11 and mid1 S531A 277 ark1-T11 double mutants showed cell morphology defects when cells were grown in 278 liquid culture more severe than the single mutant strains (S3 Fig) . These defects 279
were not observed in the equivalent mid1 S523D ark1-T11 or mid1 S531D ark1-T11 280 double mutants. The cell morphology defects observed in mid1 S523A ark1-T11 and 281 mid1 S531A ark1-T11 double mutants were defined as loss of the rod-like shape of 282 cells. This suggests a role for these two phospho-sites in Mid1p function during the 283 S. pombe cell cycle to ensure medial division plane placement, and consequently 284 equal sized and rod-shaped daughter cells. 285
286
Mid1p phospho-mutants in plo1-ts35 cells 287
To examine the role of Mid1p phosphorylation in its interaction with Plo1p, we 288 crossed strains containing phospho-mimetic/resistant versions of mid1 with plo1-ts35 289 mutant cells and searched for synthetic phenotypes in double mutants. Viable 290 colonies were observed in all cases with no synthetic phenotypes detected for the 291 majority of double mutants (data not shown). However, colony formation on solid 292 medium was slower for mid1 S332A plo1-ts35 double mutants, and more severe cell 293 morphology phenotypes were observed, compared to the single mutant strains (data 294 not shown). These defects were not observed in the equivalent mid1 S332D plo1-295 ts35 double mutants. Such genetic interactions suggest a link between the regulation 296 of Mid1p and Plo1p. 297 298
Mid1p phospho-mutants in vps4Δ cells 299
To examine the role of Mid1p phosphorylation in its interaction with Vps4p, we 300 crossed strains containing phospho-mimetic/resistant versions of mid1 with vps4∆ 301 mutant cells and searched for synthetic phenotypes in double mutants, Viable 302 colonies were observed in all cases with no synthetic phenotypes detected (data not 303 shown). However, colony formation on solid medium was slower for mid1 S523D 304 S531D vps4∆ double mutants, and more severe cell morphology phenotypes were 305 observed, compared to the single mutant strains. Strikingly, cells had defects in 306 morphology similar to those observed in mid1∆ cells (Fig 8) . The same serine 307 residues changed to alanine S523A or S531A had no such effect when combined 308 with vps4∆ (data not shown). These genetic interactions suggest a link between the interaction. Since Vps4p physically interacts with residues within the C-terminal 335 domain of Mid1p, which contains membrane binding motifs, we speculate that Vps4p 336 may facilitate Mid1p cortical anchorage to promote S. pombe medial division. 337
338
We suggest that a physical interaction between Vps4p and Mid1p regulates Mid1p-339 dependent node attachment to the plasma membrane to determine the division plane 340 in S. pombe, and that this interaction directly or indirectly involves Mid1p PH domain 341 cell cortex anchorage (Fig 9) . It is interesting to note that the domain of Mid1p that 342 interacts with Vps4p in vitro (Fig 1) contains the PH domain, suggesting that binding 343 of Vps4p to this region may regulate interaction with the cell cortex (Fig 9) . and Plk1 revealed 35 potential phospho-sites, with some of these sites independently identified in four S. pombe global proteomic studies ( Fig 5) . Such combined analysis 351 suggested six potential phospho-sites in Mid1p: S167, S328, S331, S332, S523 and 352 S531. Subsequent in vitro kinase assay experiments confirmed the in vitro phosphorylation 353 of S167, S331 and S523 phospho-sites of Mid1p by Aurora A and Plk1 kinases (Fig 6) . 354
355
To complement these studies, we examined the effect of mutations of these 356 phospho-sites in vivo on cell morphology in wild-type, ark1-T11, plo1-ts35 and vps4∆ 357 S. pombe cells. In wild-type cells defective cell morphology phenotypes were 358 observed for the phospho-mimetic mutants S332, S523 and S531 (Fig 7) . These 359 were exacerbated when combined with mutations in ark1, plo1 and vps4 (Fig 8) . 360
Therefore, we conclude that the phosphorylation of these amino acid residues is 361 important for Mid1p function and its interaction with these proteins to regulate cell 362 cycle events. It is tempting to speculate that the interaction of Mid1p and Vps4p is 363 regulated by the activity of Ark1p and/or Plo1p, but it is important to note that the 364 
Materials and Methods 376
Yeast media and general techniques 377
General molecular procedures were performed, with standard methodology and 378 media used for the manipulation of S. pombe [26, 27] . The yeast strains used in this 379 study are shown in S1 Table. Cells were routinely cultured using liquid or solid 380 complete (YE) or minimal (EMM) medium, at 25 o C or 30 o C. 381
382
DNA constructs 383
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